Asn-Ser-Val-Trp-Lys-Arg-Leu-Lys-Ser-Pro-Phe-Arg-Lys-Lys-Lys-Asp-Ser-Val-Thr), KRas-tail (residues 171-188, Ser-Lys-Asp-Gly-Lys-Lys-Lys-Lys-Lys-Lys-Ser-Lys-SerLys-Cys-Val-Ile-Met), and the H. sapiens H-Ras tail (residues 172-189, Asn-Pro-ProAsp-Glu-Ser-Gly-Pro-Gly-Cys-Met-Ser-Cys-Lys-Cys-Val-Leu-Ser). All constructs were sequenced by verified sequencing of the single-clone bacterial stocks used for preparation of plasmid DNA.
Human TRPV1 and TRPM8 cDNA was obtained from Dr. David Julius (UCSF, San Francisco, USA). Human TRPV1 was subcloned into a pECFP-N1 vector to allow detection and quantification.
Anti-PI4P was from Echelon Biosciences, and purified recombinant GST-PH-PLCδ1 and GST-FYVE-Hrs-x2 were expressed and purified as previously described (5) . Anti-GST polyclonal antibody was from BD Biosciences. Alexa-fluor® 488, 555 or 647 goat anti-mouse or rabbit secondary antibodies, transferrin and phalloidin were from Molecular Probes (Invitrogen). All other reagents were obtained from the Sigma chemical company.
Cell culture and transfection COS-7 cells were maintained in growth medium (DMEM supplemented with 10% fetal bovine serum and 100 µg/ml penicillin, 100 units/ml streptomycin) and passaged twice weekly by dissociation in trypsin-like enzyme (Invitrogen) and dilution. For transfection, cells were grown to confluence in 12-well dishes (Corning) before transfection with 1 µg total DNA and 3µg lipofectamine 2000 (Invitrogen) in 0.25 ml Opti-MEM (Invitrogen) plus 0.25 ml antibiotic-free growth medium, according to the manufacturer's instructions. After 4 hours, cells were washed and dissociated with trypsin-like enzyme before re-seeding at a density of approximately 10,000/cm 2 on 1M HCl-rinsed, 0.1 mg/ml poly-L-lysine coated 12 mm Willco-well dishes (Willco-Wells) or 6 mm 8-well microscope slides (Scientific Laboratory Supplies). Cells were used for experiments 18-26 hours post transfection.
Microscopy
Imaging was performed on a Leica TCS-SP5 confocal laser scanning microscope mounted on a DMI6000 inverted stand running LAS-AF software version 2.0 and up. For live cell imaging, plan-apochromatic oil-immersion 1.25 NA 40x or 1.4 NA 63x objective lenses were used, and the confocal pinhole set to 1 Airy unit (corresponding to GFP emission). For quantitative microscopy of fixed cells, the plan-apochromatic multiimmersion 0.7 NA 20x objective lens was used, with the confocal pinhole opened fully in order to capture fluorescence from the entire depth of the cells. The following fluorophores were imaged with the indicated laser lines and emission bandwidths: DAPI (405 nm diode, 415-485 nm), CFP (405 nm diode, 450-490 nm), Alexa-fluor®488 and GFP (488 nm Ar, 505-535 nm), Alexa-fluor®555 (543 nm HeNe, 560-620 nm), mRFP and mCherry (543 nm HeNe, 580-700 nm), and Alexa-fluor®647 (633 nm HeNe, 680-700 nm). Spectrally overlapping fluorophores were imaged sequentially to avoid crosstalk, whereas spectrally separated fluorophores (i.e. CFP and mRFP/mCherry, DAPI and Alexa-fluor®555/mRFP, or GFP/Alexa-fluor®488 and Alexa-fluor®647) were acquired concurrently, but with control images acquired without excitation of the longer wavelength fluorophores to check for cross-talk between channels.
Inositol lipid staining
Immunocytochemistry for detection of plasma or endo membrane inositol lipids was performed as previously described in detail (5) . Briefly, for plasma membrane staining, cells were fixed by the addition of phenol red-free medium containing formaldehyde and glutaraldehyde to a final concentration of 4% and 0.2 % (w/v), respectively, and fixed for 15 minutes at room temperature. After rinsing in PBS + 50 mM NH 4 Cl, microscope slides were chilled on ice. Staining was then performed using PIPES-buffered saline (20 mM Na-PIPES, 137 mM NaCl, 2.7 mM KCl, pH 6.8) containing 5% (v/v) normal goat serum and 0.5% (w/v) saponin. Cells were post-fixed for 10 minutes on ice and 5 minutes at room temperature with 4% (w/v) formaldehyde in PBS before rinsing and mounting in ProLong Gold® with DAPI (Invitrogen). A similar protocol was used to detect Golgi and endosomal PI4P and PI3P, respectively, except that cells were fixed with 2% (w/v) formaldehyde, staining was performed at room temperature, and saponin was omitted, with the cells instead permeabilised for 5 minutes with 20 µM digitonin (MERCK) before staining.
Live-cell imaging
Cells used for live-cell imaging were grown in glass-bottom Willco Well dishes as described above. Before mounting on the microscope, growth medium was removed and replaced with 640 µl DMEM without phenol red and containing HEPES for buffering at atmospheric CO 2 concentrations. For most experiments, this media was supplemented with 10% (v/v) fetal bovine serum, except for experiments whereby PI3K was activated with IGF-1, in which case cells were maintained in serum-free medium. Images were acquired at a rate of 10 s per frame, allowing sufficient time for sequential scanning of multiple spectral channels and 3-line averaging to reduce noise (typically approximately 7 s for a single scan). First additions (e.g. rapamycin, CCh, IGF-1) were performed after 30 or 60 s of baseline imaging, and were via bath application of 160 µl of medium with five-fold final concentration of compound. Second additions (e.g. rapamycin, atropine) were via bath addition of 200 µl at five-fold final concentration.
Mass spectrometry measurements of inositol lipids
Mass spectrometry was used to measure total inositol lipid levels essentially as described previously (9), using a QTRAP 4000 (AB Sciex) mass spectrometer and employing the lipid extraction method described for cultured cells. Measured phospholipids in each sample were corrected for recovery to an added internal standard, and normalised to measured C18:09 C18:1 PS to account for cell number input variation. Measurements were conducted on 200,000 cells per replicate, which were seeded at equivalent densities as for imaging experiments.
Quantitative image analysis
To quantify changes in the membrane recruitment of proteins, we used a semiautomated macro for defining the plasma membrane. Images of equatorial confocal sections of cells were loaded in ImageJ (http://rsb.info.nih.gov/ij/) as stacks of corresponding images for a single time series. After thresholding images of Lyn 11 -FRB-CFP, binary erosion of the outer two pixels (corresponding to approximately 0.5 µm) followed by its re-dilation was used to generate an annulus around the cell periphery containing plasma membrane-associated fluorescence. This annulus was calculated for every image of the time-series, and could accurately define the plasma membrane even during small changes in cell shape or movement during the acquisition period. After background subtraction, the mean pixel intensity within this annulus was recorded for the GFP-tagged test protein of interest and defined as the plasma membrane intensity I PM . A small region of interest in the cytosol was then drawn for each cell and recorded for each time point to define the mean pixel intensity of the cytosol I Cyt . This was used to calculate the PM index, which is the background subtracted ratio of I PM /I Cyt . Note that PM index values vary greatly between proteins depending on how efficiently they are recruited to the plasma membrane. To produce a convenient metric for the tendency of these proteins to dissociate after depletion of inositol lipids, we defined the "dissociation index" as the ratio of the PM index at time 0 to the PM index at a given time point.
Automated quantitation of staining was achieved using the open access program Cell Profiler (37) . To quantify plasma membrane labelling, a two-stage approach was used to identify cells. Firstly, images of DAPI stained nuclei were identified using Otsu's thresholding. Next, these primary objects (nuclei) were used to identify the surrounding cells, labelled with either phalloidin staining, or else a fluorescent protein in the case of transfected cells, using the "identify secondary objects" module and Otsu's thresholding. The resulting segmented cell objects were then used as masks to measure the intensity of PI4P and PI(4,5)P 2 staining. For transiently transfected cells, this pipeline was modified to identify only the transfected cells. Briefly, images of the GFP/RFP channel were subject to Otsu's thresholding, and then used as a mask to exclude identified primary objects (nuclei) in un-transfected cells. The resulting filtered nuclei were then used as the primary objects to identify the secondary cell outlines on the GFP/RFP channel. Next, the GFP/RFP channel was filtered to remove cells with intensity values for GFP/RFP below a threshold of 10-20% maximum, to exclude objects with low, ambiguous expression of GFP/RFP. Finally, because flattened COS-7 cells overlap at their periphery, it was found that neighbouring un-transfected cells contributed fluorescence intensity to the identified transfected cells. Therefore, the identified cells were eroded to remove the outermost 4 pixels. The final, filtered and eroded cells were then used as masks to measure PI4P and PI(4,5)P 2 intensity.
The sparse, vesicular staining of cells labelled with AlexaFluor®488-transferrin, GST-2xFYVE-Hrs or Golgi PI4P yielded only minor variations in mean pixel intensity per cell owing to the large, unlabelled background regions of cytoplasm. Therefore, pipelines were developed to analyse the concentrated fluorescence in the thicker region of cytosol in the peri-nuclear region, which accumulated more intense endosomal labelling and also contained the Golgi. After masking nuclei and filtering to exclude un-transfected cells as above, the identified nuclei of GFP/RFP-expressing cells were both eroded by a single pixel, and expanded by 4 pixels; these were used to define an annulus containing the peri-nuclear cytoplasm. These masks were then used to quantify PI4P, PI3P or transferrin labelling.
With all pipelines, the mean pixel intensities per cell were obtained. For each experiment, these intensity values were normalised to the geometric mean of the mocktransfected or control condition, after background subtraction of the geometric mean pixel intensity of cells labelled in the absence of primary probe (i.e. transferrin, anti-PI4P, GST-PH-PLCδ1 and GST-FYVE-Hrs-x2). These normalised values were used to produce the relative frequency histograms, which could be pooled between independent experiments. To compare more directly with the mass spectrometry measurements (figure 1B), the arithmetic mean pixel intensities per cell were calculated and normalised to control, and the data pooled between experiments.
Fluoreescence Recovery after photobleaching and kinetic measurements of K-Ras-tail dissociation HEK293T cells were grown in glass bottom dishes and transfected as described for COS-7 cells above. Imaging was performed on an Olympus IX2 inverted microscope equipped with an Andor iXon EM-CCD camera with a Plan-Apochromatic 1.45 NA 60x TIRF objective. GFP was excited in wide-field using a 488 nm Sapphire laser (Coherent), with images recorded every 160 ms using a custom written program in LabView (National Instruments). Photobleaching of a diffraction-limited spot was achieved with a 20 ms pulse of 405 nm light from a Coherent cube laser at full power and focused at the centre of the imaged field; the stage was manually positioned so that this focused laser was illuminating a patch of PM.
The recovery of the resulting Gaussian bleach profile was modelled for lateral diffusion in the plane of the membrane (widening of the profile) versus dissociation from the membrane (decreased area under the profile) as previously described (24, 24) . Briefly, after normalising to the averaged pre-bleach frames, line profiles along the PM through the bleached region were normalised for loss of total cellular fluorescence during acquisition and photobleaching. The resulting corrected profiles were fitted according to the following Gaussian function:
Where F is normalised intensity, B 0 is the amplitude of the profile at time 0, r 0 is the Gaussian radius at e -1 amplitude at time 0, x is the distance from the centre of the profile c (in µm), t is time (in seconds), D is the lateral diffusion coefficient (in µm 2 /s) and τ is the dissociation time constant (in seconds). The resulting values of D and τ were checked by fitting the curves predicted against independent estimates of the Gaussian radius r and amplitude B independently determined at each time point using the function:
Patch Clamp Recordings
For whole-cell electrophysiology, HEK293T cells were transfected with Lyn 11 -FRB-CFP, TRPV1-YFP or TRPM8 and the indicated PJ construct at a ratio of 5:3:3. HEK cells were re-plated after 8-15 h in 35 mm culture dishes and used for experiments within two days. Whole cell voltage clamp was performed on transiently transfected HEK293T cells. Membrane currents were acquired with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA), low-pass filtered at 1 kHz and sampled at 2 kHz. Electrodes were pulled from borosilicate glass tubes (TW150F-3; World Precision Instruments, Berlin, Germany) and heat-polished to give a resistance of 2-5 MΩ. The external solution for TRPM8 contained (in mM): 140 NaCl, 5 KCl, 5 EGTA, 1 MgCl 2 , 10
HEPES, 10 glucose. To reduce peak currents of TRPV1, NaCl was reduced to 30 mM and NMDG 110 mM was added. The internal solution contained (in mM) 140 KCl, 1.6 MgCl 2 , 2 EGTA, 2.5 Mg-ATP, 0.2 Na-GTP and 10 HEPES. Solutions were adjusted to pH 7.4. Cells were held at -60 mV. All experiments were performed at room temperature. Solutions were applied with a gravity-driven common outlet perfusion system. pCLAMP 10 software was used for acquisition and off-line analysis.
Agonists were applied until a stable and lasting inward current was observed. This was the case after 80 s for capsaicin 100 nM and 60 s for menthol 100 µM. Subsequent co-application of rapamycin for 90 or 80 s was used to translocate the FKB-fused Pseudojanin and derivatives and probe the effect on channel activity. HEK293T cells expressing only hTRPV1-YFP or hTRPM8+GFP were probed with the same protocol. The amount of rundown or modulation during the rapamycin application was quantified and subtracted from experiments including Lyn 11 -FRB-CFP and Pseudojanin or derivatives. 
Fig S6.
Cells expressing the PI(4,5)P 2 reporters Tubby c -GFP or PH-PLCδ1-GFP and muscarinic M1 receptors (with or without PJ-Sac, PJ-Dead or pre-treated for 10 min with 10 µM PAO) were stimulated with CCh/rapamycin and atropine as in Fig. 3C . Return of PH-PLCδ1 to the PM after atropine addition was inhibited less by PAO (Fig. 3C) , possibly because unlike Tubby c , this domain binds to soluble IP 3 , which is depleted after addition of atropine regardless of lipid re-synthesis.
Fig S7.
Representative images of cells transfected with Lyn 11 -FRB-CFP, the indicated inducible phosphatase (not shown) and GFP-tagged PM targeting motifs. Images show before or after (2 min) rapamycin addition.
Fig S8.
(A) Representative confocal images of HEK-293T cells expressing GFP-K-Ras-tail (green), together with the indicated phosphatase construct (red) and Lyn 11 -FRB-CFP (not shown). Cells were treated for 5 min with 1 µM rapamycin before imaging to allow PM recruitment of the phosphatases and their action on PM lipids. Note that only PJ leads to substantial depletion of PM K-Ras-tail and its accumulation on cytoplasmic membranes. (B) Confocal images of HEK-293T cells expressing GFP-K-Ras-tail (+8 net charge), or the reduced "+6" and "+4" mutants. Note the increased appearance of the peptides with reduced positive charge on cytosolic membranes; also note the similar appearance of the "+6" charge mutant to the wild-type K-Ras-tail after depletion of polyanionic PI4P and PI(4,5)P 2 with PJ. (C & D) HEK-293T cells expressing constructs as in A were treated for ≥ 5 min with 1 µM rapamycin before photobleaching as described under "materials and methods", combined with analysis of the spatial distribution of the bleach profiles to estimate the lateral diffusion coefficient of K-Ras-tail in the PM (C) and the time constant τ for dissociation from the PM (D) (24) . No significant effect on diffusion was seen after depletion of inositol lipids with phosphatases (C), although there was a tendency for the dissociation times to reduce by similar amounts after depletion of either PI4P with PJ-Sac or PI(4,5)P 2 with INPP5E; however, the dissociation time was substantially decreased after depletion of both polyanionic lipids with PJ. Notably, the effect of PJ on K-Ras-tail dissociation was similar to the removal of two positive charges in K-Ras--tail "+6"; the "+4" mutant had a still further reduced PM dissociation time relative to these two conditions, and also a substantially increased diffusion coefficientperhaps due to decreased electrostatic sequestration of lipid molecules and therefore less impeded diffusion in the plane of the membrane. Data in C are means ± SEM, whereas D shows bars representing the interquartile range, with lines at the median; n = 30. The large degree of variability stems from the ambiguous determination of dissociation time for proteins stably associated with the plasma membrane; for example, GFP-K-Ras-tail was fitted with dissociation times ranging from 8.3 to 1.3x10 23 s, with an interquartile range of 32.3 to 4.5x10 13 s -similar to what we have previously reported for the palmitoylated and myristoylated Lyn 11 peptide (24) . For this reason, values ≥ 100 s are pooled in the box plot in D. Therefore, estimates for K-Ras tail are imprecise, with values > 10 2 s reflecting no significant dissociation over the time course over which measurements were taken. Therefore, the measurements accurately reflect the stable association of the protein with the PM, but are not necessarily quantitatively accurate. Nevertheless there are far fewer instances of dissociation times >10 2 s reflecting genuine and reduced dissociation times after depletion of PI4P or PI(4,5)P 2 . The shorter dissociation times for reduced charge K-Ras mutants, or the wild-type after removal of PI4P and PI(4,5)P 2 with PJ are far more precisely estimated and accurately reflect the precise time these proteins spend bound to the PM. 
